Aims: Two-dimensional (2D) echocardiography has been widely applied to measure left ventricular volumes with the biplane Simpson's method in the assessment of left ventricular remodelling following an acute myocardial infarction. This volume formula is based upon tracings of endocardium and measurement of long axis on left ventricular images. In the present follow-up study of postmyocardial infarction patients we evaluated the prognostic impact of changes in left ventricular areas and geometry versus long axis to determine if only long-axis measurements may be used for prognostic purposes.
Introduction
Two-dimensional (2D) echocardiographic measurements of left ventricular (LV) volumes and ejection fraction have been used to assess LV remodelling and predict clinical outcome following myocardial infarction [1] [2] [3] [4] [5] [6] . The biplane Simpson's method is recommended for volume determination, which necessitates digitizing the LV area and measurement of its long axis in end-diastole and end-systole [6] [7] [8] . However, complete visualization of the entire endocardium is not always possible. It has been suggested that the assessment of changes in the long-axis dimension may provide sufficient information on LV function and remodelling for predicting prognosis. This would represent a valuable alternative, since 2D biplane images are only obtainable in 60-70% of patients post-myocardial infarction. Recently such a simplified method has been introduced, based upon longitudinal LV shortening using atrioventricular plane displacement by 2D-guided M-mode recordings, which has been demonstrated to have significant prognostic impact in patients with heart failure [9] [10] [11] [12] . This method has not yet become commonplace, but in a recent study on the effect of ramipril vs placebo on left ventricular diastolic filling it was applied to rule out patients with a compromised systolic function [13] . Therefore, since the method may be applicable as an inclusion criterion in clinical studies, we found it important to evaluate LV long-axis shortening in a comprehensive manner to establish whether LV longaxis shortening assessment can replace the traditional volume measurements.
The LV remodelling (LEVEREM) study was initiated to study the prognostic impact of remodelling in postmyocardial infarction patients without clinical heart failure and a LV ejection fraction d40% [14] . This is a pure observational study without any kind of drug evaluation.
The patients were examined with 2D echocardiography 2-7 days and at 3 months following the index myocardial infarction. In the present study we wanted to compare the predictive value of changes in long-axis shortening with changes in LV area and geometry on adverse events from 3-24 months post-myocardial infarction.
Patients and Methods
The LEVEREM study is a multicentre study of patients with acute myocardial infarction who were recruited from 32 Norwegian hospitals, and details of inclusion and exclusion criteria have been published elsewhere [14] . In brief, only patients with a transmural and/or recurrent myocardial infarction were included, provided they had no evidence of heart failure or were treated with an angiotensin converting enzyme inhibitor. Informed consent was obtained from each patient. A combined primary end-point was used, which included:
1. Cardiac death. 2. Recurrent, non-fatal acute myocardial infarction. 3. Heart failure requiring hospitalization or treatment with an angiotensin-converting enzyme inhibitor and diuretic therapy. 4. Chronic arrhythmia necessitating treatment in addition to beta adrenergic receptor blocker.
In a study on the prognostic impact on baseline findings in these patients, angina pectoris requiring increase in existing therapy or additional therapy as well as revascularization procedures were included as endpoints [15] . However, it turned out that changes in echocardiographic variables from baseline to 3 months were of prognostic value only for the combined endpoint listed above and not for either of the two angina pectoris-related end-points [16] . Thus, for the present study of detailed prognostic information from several echocardiographic variables only these four 'myocardial' end-points were chosen.
All end-points have been evaluated and categorized by an independent end-point committee comprizing three experienced cardiologists who were blinded to the echocardiographic results.
Data Acquisition
Two-dimensional echocardiographic recordings were performed between 2 and 7 days following the index myocardial infarction, when patients were haemodynamically stable, in sinus rhythm and had no evidence of congestive heart failure. Echocardiograms were all reviewed in a core laboratory in Toensberg, Norway, and analysed within 24-48 h. Only patients with a LV ejection fraction d40% were included in the study and a confirmatory telefax was sent to the participating investigator.
All echocardiograms were obtained in the left lateral supine position and investigators were instructed to record an apical four-chamber view and apical long-axis view in breath-held expiration. A one-minute video recording of each plane was obtained and sent to the core laboratory. Details of these recordings and reproducibility of the methods used have been described elsewhere [14, 17] . Intensive teaching sessions were arranged for investigators at each site before initiating patient enrolment.
A repeated echocardiographic examination was performed at 3 months following the baseline examination and analysed in the core laboratory by the same investigator who evaluated the first echocardiogram. Two investigators in the core laboratory (JEO and GF) did all the echocardiographic measurements presented in this study.
LV volumes were calculated using the biplane Simpson's method, including long-axis measurement from the level of mitral cusp insertions to the apex [17] [18] [19] [20] . If one of the planes was technically limited for endocardial tracing, the patient was excluded from the study. A prerequisite for inclusion in this study was biplane images for volume determination. LV ejection fraction was derived from the end-diastolic and end-systolic volumes.
Principles for measurements of LV long axis, area and spherity index in end-diastole and end-systole are presented in Figure 1 . All values presented have been taken as the mean of three cardiac cycles and represent the mean of four-chamber and long-axis measurements, as indicated in Figure 1 . The spherity index is derived from the diameter of a circle with an identical area as digitized from echocardiographic recordings of the LV. The relationship between this diameter and the respective long axis in end-diastole and end-systole is then taken as the spherity index, as indicated in Figure 1 .
Long-axis shortening represents the difference between the long axis in end-diastole and end-systole as measured with 2D echocardiography (Fig. 1) .
In the LEVEREM study a total of 834 patients were enrolled. In 30 of these patients (3·6%) the quality of the second video recording was technically limited and precluded analysis. In a further 44 patients (5·3%) the second echocardiogram was not available due to various medical or administrative reasons. A further four patients withdrew and 44 patients suffered a pre-defined end-point (see above) between baseline and 3 months (recurrent myocardial infarction, n=20; heart failure, n=22; chronic arrhythmia, n=2). This left 712 patients for the present follow-up study on the prognostic influence of changes in LV long axis vs areas. Demographics at the time point of the baseline echocardiographic examination are listed in Table 1 . Among these patients, 238 (33%) had suffered an anterior and 474 (67%) a non-anterior infarction. The echocardiographic measurements at baseline, at 3 months and their respective changes from baseline to 3 months were compared in these two subgroups.
Patients were followed up to withdrawal or to a maximum of 730 days after their index myocardial infarction.
They came to clinical visits at the respective centres after 6 weeks, 3 months and then at 3-monthly intervals. No patient was lost to follow-up during the 730 days period.
Statistical Methods
The principle for counting end-points was to allocate them to the hardest event if more than one occurred at the same time (chronic arrhythmia after heart failure after recurrent acute myocardial infarction after cardiac death). In order to study the prognostic impact of changes from baseline to 3 months on further events, patients who had sustained such events in that period were excluded (n=44, see above). The rationale for this was that those who had suffered events might: (a) influence the echocardiographic changes after 3 months and (b) represent an additional risk factor for further events. Such a principle was employed in the 4S trial and in the evaluation of the 1-year LDL cholesterol reduction on further clinical events from 1 to 5 years [21] . Data were analysed by the Cox proportional hazards regression model. Time to first occurrence of any of the four end-points was performed as end-point analysis. In this analysis withdrawals, but not angina pectoris, PTCA or bypass surgery, were censored.
The main variables were defined a priori. Echocardiographic changes from baseline to 3 months of LV volumes in end-diastole and end-systole, stroke volume and ejection fraction were taken as standard prognostic variables and compared with the prognostic influence of changes in LV long axis, areas, their differences between end-diastole and end-systole (see above). In addition, the spherity index measured both in end-diastole and endsystole was included in order to study the prognostic influence of changes in LV geometry. Only changes in the echocardiographic variables were studied, since we in a previous study found no prognostic impact of baseline echocardiographic variables in this population [15] . The exposure variables were thus defined as changes in the variables listed above.
The strategy of analysis was first to assess the univariate relationship between each of these variables with regard to end-points within the study population. If a variable was found to be an important and statistically significant contributor to the explanation of time to end-points, this variable was entered simultaneously with the increase in LV end-systolic volume into the model, the strongest predictor of events in the present study. If this variable then lost its predictive value, the entered variable was strongly intercorrelated and considered equally predictive. Although no automatic stepwise procedure was chosen, a multivariate analysis was performed. First, the strongest predictor for subsequent events was forced into the equation. Then we asked whether any variable would further add independently to the predictive power. This search was done one by one. Very few variables did add predictive power.
No other predictive values were entered, such as angina pectoris prior to the index myocardial infarction, recurrent myocardial infarction or other risk factors.
Results
As can be seen from Table 2 , there was a significant increase in LV volumes (P<0·0001) areas (P<0·0001 in end-diastole and P=0·0026 in end-systole) and spherity index (P<0·0001), whereas the changes in LV long axis 
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were of borderline significance. Patients with anterior infarctions had similar LV volumes, areas and long axes at baseline and 3 months compared to those with non-anterior infarctions, and the changes at 3 months were not significantly different between these two subgroups (data not shown). A significant increase in LV stroke volume (P<0·0001) and the difference between end-diastolic and end-systolic areas (P<0·0001) was observed ( Table 3 ). The long axis shortening was 1·20 ( 0·30) cm at baseline and 1·22 ( 0·30) cm at 3 months, (P=0·05, Table 3 ). As evident from Table 4 , patients with anterior infarctions had a smaller stroke volume, LV long-axis shortening and LV area reduction at baseline vs those with non-anterior infarctions. After 3 months the increase in these three variables was significantly more pronounced among those with anterior infarctions (P=0·006 for stroke volume, P=0·01 for long-axis shortening and P=0·004 for area reduction from diastole to systole). Over a period of 3-24 months 33 patients withdrew from the study before an end-point occurred (hypertension requiring angiotensin converting enzyme treatment, n=12; non-cardiac death, n=8; malignant disease, n=1: non-compliance, n=6; other reasons, n=6). A total of 58 pre-defined end-points were observed: cardiac death, n=6; recurrent acute myocardial infarction, n=27; heart failure, n=12, chronic arrhythmia, n=13.
The univariate Cox model analysis on the predictive value for changes in all echocardiographic variables is presented in Table 5 . The strongest predictor was the increase in LV end-systolic volume followed by the increase in end-systolic area (P<0·0001 for both). Also, the increase in LV spherity index, as measured in end-systole, had a significant predictive value for subsequent events (P=0·0031). The only long-axis variable of some significance was the change in end-systolic long axis (P=0·04).
In Table 6 the increase in end-systolic volume has been put into the Cox model together with variables showing a significant prognostic impact in Table 5 . The only variable that was so strongly intercorrelated that the end-systolic volume increase lost its prognostic value was the increase in end-systolic area. With all other variables, including the prolongation of long axis in end-systole, the increase in end-systolic volume still had a highly significant prognostic value in predicting subsequent events.
Discussion
In the present study we have evaluated the prognostic role of changes in LV long axis, areas and sphericity that are used to determine volumes and geometry with 2D echocardiography. The LEVEREM study population is not representative for all post-myocardial patients and the results are therefore not applicable to patients with more severe LV dysfunction or heart failure. With these reservations in mind, it seems clear that the prognostic impact of changes in LV area and geometry, as obtained by tracings of LV endocardium, were superior to long-axis measurements.
The atrioventricular plane displacement measurement with M-mode echo has been done in the apical four- Table 3 . Differences between left ventricular volumes, long axes and areas in end-diastole vs end-systole at baseline and at 3 months. Changes ( ) in these differences are taken as baseline-3 months (a negative value represents an increase). Same abbreviations and study population as in Table 2 Table 4 . Similar data as in Table 3 in two patient subgroups according to having sustained an anterior (n=238) vs non-anterior infarction (n=474). Data presentation and abbreviations as in chamber and two-chamber views, using the average distance from the probe to the insertion of mitral cusp in four positions: lateral, septal, anterior and posterior. This procedure takes approximately 5 min, and good quality images of the insertion of the mitral cusps are obtainable in most patients [9] [10] [11] 22, 23] . In their study of normal individuals, Hö glund et al. [9] found a mean overall atrioventricular plane displacement from diastole to systole of 16 2 mm. The average distances from diastole to systole in the four positions mentioned ranged between 16 and 16·5 mm. There was a tendency for lower values among elderly (15·2 2 mm in the age group 55-75 years) compared to younger individuals (17·5 1·5 mm in those aged <35 years).
In our study we did not perform M-mode measurements, but used the difference between LV long axis in end-diastole and end-systole as measured by 2D echocardiography. With the biplane method, the average long axis is derived from four points reflecting the insertion of the mitral cusps: lateral and septal location in the four-chamber view; anterior and posterior location in the apical long-axis view. The mean value for long-axis shortening in our study was 12·0 3·0 mm, quite similar to a mean of 12·3 2·9 mm among 106 patients with coronary artery disease in the study of Alam et al. [22] . The 2D approach cannot be directly compared with the M-mode measurements of atrioventricular plane displacement. First, the M-mode method implies that the apex does not move, and no information is given about the long-axis dimension itself. The 2D approach includes a limited apical movement towards the base of the heart. However, in most patients this movement was limited and most of the changes of the long axis were represented by movements of the atrioventricular plane. Second, the M-mode technique has a better temporal and spatial resolution to determine long-axis displacement. However, 2D apical recordings are performed with the ultrasonic beam perpendicular to the atrioventricular level, resulting in more exact measurements than if the beam had been parallel. In addition, the well established LV volume and mass determinations are still based upon 2D measurements of the endocardial long axis in end-diastole and end-systole [7, 8] . Our patients were included on the basis of 2D echocardiograms and the fact that they were echogenic. This represents a bias for the 2D approach. We can therefore not exclude the possibility that M-mode measurements of the atrioventricular plane displacement in a more unselected post myocardial infarction population may have a significant prognostic impact.
Since we had included 33% with anterior infarctions, it seemed appropriate to assume that in this subgroup the presence of apical asynergy might underestimate long-axis shortening. Theoretically, such a phenomenon might explain the discrepancy between previous M-mode based studies and the present study. It turned out, however, that the long-axis shortening increased significantly more in patients with anterior vs nonanterior infarction (Table 4 ). This was accompanied by a more pronounced increase in LV stroke volume and area reduction from diastole to systole as well. This may indicate that the contribution of apical asynergy was more pronounced in the acute phase of the infarction than at 3 months. Since all these variables were smaller than in non-anterior infarcts at baseline, a 'regression to the mean' phenomenon may also, in part, explain these findings. The present study protocol did not allow a prespecified definition of large vs small infarcts. Thus, we are not able to evaluate whether the long-axis shortening was influenced by the infarct extent. Table 5 . Abbreviations as in Table 5 .
Variables
Chi-square P-value LVAES  0·045  0·31  LVESV+  11·7  0 ·0006  LVAED  0·94  0·33  LVESV+  14·62  0·0001  LAES  0·48  0·49  LVESV+  10·16  0·0014  SIES  0·3  0 ·59 LVV Changes Following Myocardial Infarction 123
In the study of Willenheimer et al. [12] 181 patients with a clinical diagnosis of heart failure were followed up for 1 year. Mortality increased from 0/19 with atrioventricular displacement d10 mm to 16/71 among patients with a value <6·4 mm (P=0·001). Interestingly, they did not find any prognostic influence of changes in atrioventricular plane displacement from baseline to 1 year on subsequent 2-year mortality [11, 12] . They required a change of 1 mm for an increase or decrease respectively, corresponding to a 0·05% change in LV ejection fraction. It is possible that such a small change in distance may be insufficient to be related to prognosis, whereas the absolute magnitude of atrioventricular plane displacement is sufficient to predict the clinical course. In our study the mean increase in long-axis shortening from end-diastole to end-systole was only 0·02 ( 1 SE=0·01) mm, indicating how difficult it must be to get prognostic information from such a small difference.
It has been postulated that excellent recordings of LV endocardium are only possible in a limited number of patients [11, 12] . In our study the number of technically unsatisfactory echocardiograms for the second analysis in the core laboratory was only 30/834 (3·6%). The patients included in the study had to be 'echogenic'. With 32 centres it is not possible to determine how many patients were excluded because of poor quality recordings as judged by the investigators. At one centre (the University of Trondheim) they did a thorough screening of all 124 patients who were judged to be eligible for the LEVEREM study. In 15 (12%) of these patients the reason for not entering the patient into the study was an unsatisfactory echocardiogram.
It must be admitted that there were relatively few events in the study population, and accordingly we had to use a combined, although pre-specified, end-point. If only mortality was to be applied, there would be no meaningful analyses. The other end-points, however, can be considered to have a significant prognostic importance, such as recurrent myocardial infarction, heart failure and chronic arrhythmia, which in the majority of cases was atrial fibrillation requiring additional treatment to secondary prophylaxis with a betablocker.
The results may theoretically have been different if new medical treatment of angina pectoris or elective revascularization procedures had been included. However, changes in LV volumes and ejection fraction did not predict any angina related end-points in the present study [16] . Since the prognostic impact of the echocardiographic changes on the more severe non-angina related end-points at 3 months was so strong, we felt that it justified evaluating the two components of the volume formula as well as the spherity index on these pre-specified end-points only.
In conclusion, the single use of LV long-axis shortening from end-diastole to end-systole as measured from the apical window with 2D echocardiography cannot replace additional area tracings with biplane volume and geometry calculations in the assessment of LV dimensions and function. It turned out that changes in LV volumes of prognostic importance were essentially related to changes in the areas and LV geometry, not from differences in long-axis dimensions or shortening. These findings are related to post-myocardial infarction patients with normal or only mild-to-moderate LV dysfunction and need to be verified in patients with heart failure or more severely impaired LV systolic function.
